A photon rupture method, film removal by a focused pulse of pulsed Nd-YAG laser beam irradiation, has been developed as it enables oxide film stripping at extremely high rates without contamination from the film removal tools. In the present study, Zn and Zn-5mass%Al alloy coated steel specimens covered with protective nitrocellulose film were irradiated with a focused pulse of a pulsed Nd-YAG laser beam at a constant potential in 0.5 kmol m Ϫ3 H 3 BO 3 -0.05 kmol m Ϫ3 Na 2 B 4 O 7 (pHϭ7.4) with/without 0.05 kmol m Ϫ3 of chloride ions to investigate the initial stage of localized corrosion. At low potentials, both samples reformed oxide film after the nitrocellulose films were removed by this method. The oxide film formation kinetics of Zn-55mass%Al follow an inverse logarithmic law, in agreement with Cabrera-Mott theory. However, at high potentials, localized corrosion producing corrosion products occured at the area where nitrocellulose film was removed. The dissolution current of the Zn coated steel samples is higher than that of Zn-5mass%Al coated samples at the same applied potential.
Introduction
Zinc and zinc alloys coated on steels give good corrosion-resistant properties and are widely used in numerous applications. The corrosion protection of the coated layers are ascribed to cathodic protection by galvanic reactions between coated layer and substrate, and the high corrosion resistance as due to the formation of compact corrosion products [1] [2] [3] . The composition of corrosion products formed on the steels caused by atmospheric corrosion has been investigated in various exposure conditions. [4] [5] [6] [7] Oesch et al. 8) have reported the effect of air pollutants such as SO 2 and NO 2 on the corrosion of Zn and other light metals. The effect of corrosion products formed on electrodeposited zinc alloy coatings during atmospheric corrosion has also been reported. 9) When applying electrochemical methods such as voltammetry and electrochemical impedance spectroscopy (EIS) to the study of atmospheric corrosion there are some problems caused by the thin electrolyte layer. However, electrochemical techniques have recently been applied to measurements of atmospheric corrosion. [10] [11] [12] [13] [14] [15] [16] [17] Nishikata et al. 16) have reported electrochemical corrosion monitoring of galvanized steel under cyclic wet-dry conditions. Peiez et al. 18) have also reported an EIS study of the corrosion process of coated galvanized steel in a salt spray condition.
Analysis of abruptly destroyed passive oxide films on metals and its repair is important to understand the localized corrosion of metals. An analysis of this behavior has been carried out by monitoring potential-or current-transients after mechanically stripping the oxide films. Ford et al. 19) and Burstein et al. [20] [21] [22] [23] [24] [25] [26] [27] [28] have reported a re-passivation mechanism after removal of passive oxide film by the mechanically stripping technique. There are however problems with the mechanical film stripping techniques, such as low stripping rates, difficult to controling stripping area size of the oxide film and contamination from the stripping tools.
Recently, film stripping by high power laser beam irradiation, the photon rupture method, which resolves these problems, has been reported. This has been applied to iron electrodes by Oltra et al. 29, 30) and Itagaki et al., 31) and to aluminum electrodes by Sakairi et al. 32) and Takahahshi et al. 33) Sakairi et al. [34] [35] [36] [37] [38] [39] [40] have also applied the photon rupture method to the initial stage of localized corrosion on coated steels in aqueous solutions with aggressive anions. They found that chloride ions enhance dissolution of the zinc and aluminum of the coated layers at the very initial period after laser irradiation.
In the present study, protective nitrocellulose film, which was formed on specimens, was removed by photon rupture at constant potentials in 0. 5 , and the laser power was adjusted to 30 mW before the lens. The time of the irradiation was measured with a photo detector. The time for film removal in this study is the same as the time that the photo detector detected the laser beam.
The current transients of the nitrocellulose coated specimens after the laser irradiation were measured by a computer through an A/D converter. The laser irradiation time was also detected by a photo-detector to investigate the irradiation time.
Polarization curves of the specimens were also measured by a potential scanning method, 0.3 mV/s in 0.5 kmol m A saturated Ag/AgCl electrode was used as a reference electrode to measure the electrochemical data.
Characterization
After the electrochemical tests, specimen surfaces were examined by a confocal scanning laser microscope (CSLM). Figure 1 shows the anodic polarization curves of Zn and Zn-5mass%Al coated steels in 0.5 kmol m Ϫ3 H 3 BO 3 -0.05 kmol m Ϫ3 Na 2 B 4 O 7 (pHϭ7.4) solutions with 0.05 kmol/m 3 NaCl. The current increases with increasing potential after some incubation potential. The slope of the curve of the Zn-5mass%Al coated steel is steeper than that of the Zn coated steel. The rest-potentials of both samples are almost the same in this solution, however, the pitting potential of Zn coated steel is lower than that of Zn-5mass%Al coated steel. The curve for the Zn coated steel is higher than that of Zn-5mass%Alcoated steel.
Results

Polarization Behavior
Surface images a) Zn and b) Zn-5mass%Al coated steels after polarization tests are shown in Fig. 2 . There is a lot of white colored corrosion product on both sample surfaces, caused by localized or pitting corrosion. These results suggest that the tip of such corroded areas do not reach the steel substrate. Figure 3 shows changes in the current, I, with time, t, obtained after laser irradiation in 0.5 kmol m Ϫ3 H 3 BO 3 -0.05 kmol m Ϫ3 Na 2 B 4 O 7 with 0.05 kmol m Ϫ3 NaCl solutions at Ϫ1 000 mV vs. Ag/AgCl. The current of the Zn coated samples is smaller than that of the Zn-5mass%Al coated sample. In both samples, the current transients show about 0.2 ms of induction before abrupt increases with current fluctuations and they show the maximum of current, I p , shortly after the increase and these is a decrease with time.
Film Removal at Rest Potential
The current fluctuations may be related to surface reconstruction, for example an electrical double layer formation and/or stabilization of the measurement system just after the nitrocellulose film was removed. In the case of the Zn-5mass%Al coated sample, current decreases follow a slope of Ϫ1. This result means that the film formation kinetics follow an inverse logarithmic law, in agreement with Cabrera-Mott theory. However, the slope of the Zn coated sample is gentler than the slope of the Zn-5mass%Al coated sample. The CSLM images of the sample surfaces after the experiment are shown in Fig. 4 . The laser irradiated area is almost circular about 150 mm in diameter, and it has a rough surface, and appears to have been quickly melted and solidified. The cross sectional observations show that the nitrocellulose films were completely removed by this technique. There are no corrosion products at the area where film was removed at the rest potential, which is in good agreement with current decreases follow a slope of Ϫ1. Figure 5 shows changes in the current with time obtained after laser irradiation in 0.5 kmol m Ϫ3 H 3 BO 3 -0.05 kmol m Ϫ3 Na 2 B 4 O 7 with 0.05 kmol m Ϫ3 NaCl solutions at Ϫ800 mV. At this potential, the curves show a plateau at the initial stage between 0.2 and 1 ms, then between 1 to 10 ms followed by a steady increase. The current of the Zn coated steel is smaller than that of Zn-5mass%Al coated steel. This second increase in current, t ri , is a kind of incubation time for pitting or localized corrosion, which is usually determined in traditional corrosion tests, and this value becomes shorter at higher potentials. The slope of the current after 1 ms is gentler than that at Ϫ1 000 mV. This results suggests that metal dissolution also occurs after 1 ms at Ϫ800 mV. Figure 6 shows CSLM images of sample surfaces kept for 5 s at Ϫ800 mV after the nitrocellulose film was removed in 0.5 kmol m Ϫ3 H 3 BO 3 -0.05 kmol m Ϫ3 Na 2 B 4 O 7 with 0.05 kmol m Ϫ3 NaCl. The shape and size of the area where nitrocellulose film was removed are very similar to those in Fig. 4 . There are corrosion products, which are seen as black spots because of the lower reflectivity. The area of the corrosion products on the Zn-5mass%Al coated steel is larger than that on Zn coated steel. Figure 7 shows the relationship between the charges, Q for tϭ0 to 1 000 ms and the applied potentials. The Q of the Zn coated samples are smaller than those of the Zn-5mass%Al at high potentials. At low potentials, the Q does not show a clear dependence on the potential, however it increases with increasing potential at high potentials, re- 
Film Removal at Anodic Ppotentials
Long Time Polarization after Film Removal
The effect of dipping time after nitrocellulose film removal at Ϫ800 mV and Ϫ850 mV vs. Ag/AgCl were investigated. Figure 8 shows the changes in current with time obtained after laser irradiation for long periods. After the second stage of increase, the current shows a maximum and the decreases with time in both samples at Ϫ800 mV vs. Ag/AgCl. The rate of current decrease with Zn coated steel is smaller than that of the Zn-5mass%Al coated sample. The current change of Zn-5mass%Al coated steel at Ϫ850 mV is similar to those at Ϫ800 mV, however the current of the Zn coated steel at Ϫ850 mV is very small.
Changes in the charge, Q for tϭ0 to 3.6 ks in Fig. 8 , and the applied potential are shown in Fig. 9 . The Q of Zn-5mass%Al coated steel samples increase with increasing potential. The Q of the Zn coated sample increases with increasing applied potential. Because, at applied potentials lower than Ϫ850 mV, oxide film was formed just after laser irradiation. 9 . Changes in the charge, Q for tϭ0 to 3.6 ks in Fig. 8 vs. the applied potential. Figure 10 shows surface photographs after the long term immersion tests. White corrosion products can be seen on the Zn coated sample at Ϫ800 mV and on the Zn-5mass%Al coated samples. There is no corrosion products on the Zn coated sample at Ϫ850 mV. The volume of corrosion products depend on the passed charge in Fig. 9. Figure 11 is a schematic representation of the nitrocellulose film removal by laser irradiation. In the case of transparent films (zinc oxide and nitrocellulose films) on the coated layer, almost all of the irradiated laser beam reaches the metal-nitrocellulose film interface, and assuming that the reflectivity of zinc and aluminum are about Rϭ0.81 at 532 nm, 41) the adsorbed power density, E ad , is expressed by
Discussion
Nitrocellulose Film Removal Mechanism
, where P is irradiated laser power density, D is diameter of irradiated area, t p is the pulse duration. The E ad in this experimental condition, t p ϭ8 ns, Dϭ150 mm and Pϭ3.0 mJ (30 mW/10 Hz), becomes 4.1ϫ10 12 W/m 2 . According to Ready, 42) the approximate expression for the minimum laser power density, E av , for ablation is expressed by
, where L the latent heat required to vaporize the solid metal, k the thermal diffusibility, and r the density of metal. In this case, E av is calculated to be 0.65ϫ10 12 W/m 2 . The value of E ad in the present investigation appears to be much larger than that of E av , and this strongly suggests that laser ablation will take place beneath the laser irradiated area just after irradiation. The ablation of metal produces pressure at the film/coated layer interface, and this pressure, p, can be calculated from pϭE ad /{r [LϩC(T V ϪT 0 )] 2 } 43) , where C, T 0 and T V are the specific thermal capacity of the metal, and the initial and vaporization temperatures of the metal leading to a calculated p of about 10
8 Pa for the coated layer. Simple calculation of the volume change of solid to gas gives an estimated pressure of about 2ϫ10 8 Pa at the laser irradiated area. It may then be considered that nitrocellulose and oxide films can be destroyed and removed by the high pressure at the oxide film/substrate interface produced by the laser ablation of metal. Figure 12 is a schematic model of the re-oxidation and localized dissolution after surface films were removed. The films were removed by laser irradiation and the coated metal exposed to the solution. The metals in the coating are oxidized electrochemically to Zn 2ϩ and Al 3ϩ ions, and these ions react with water to form oxide or hydroxide film on the exposed area. In the solution with chloride ions, oxide film is continuously reforming at low potentials. The current transients show a sudden increase, a maximum and a continuously decreases with a slope of about Ϫ1 in the chloride ion containing solutions. Here the aluminum dissolution forming aluminum-chloride complexes may compete with oxide film formation at high set potentials. The Zn also dissolves as zinc-aquo complexes, Zn 2ϩ (aq), after the layer is exposed to the solution. Because of these reactions, the current did not decrease with time after the maximum and formed corrosion products at the area where film had been removd.
Localized Dissolution and Re-oxidation
Conclusions
The present study investigated the effect of potential and chloride ions at the initial stage of localized corrosion of a Zn and Zn-5mass%Al coated layer by photon rupture method and the following conclusions may be drawn.
(1) A nitrocellulose film, which was formed on the specimen by dipping can be removed locally by the photon rupture method. This nitrocellulose film showed good corrosion resistance during the experiments.
(2) Using nitrocellulose film as a protective film, the photon rupture method can be applied to localized corrosion study of Zn and Zn-5mass%Al coated steels, which do not form anodic oxide films, at different constant potentials in neutral solutions with NaCl.
(3) In 0.5 kmol m Ϫ3 H 3 BO 3 -0.05 kmol m Ϫ3 Na 2 B 4 O 7 solutions with chloride ions, oxide films are reformed at low potential after removal of the nitrocellulose film by the photon rupture method, however, localized corrosion occurs with formation of corrosion products in the chloride ion containing solutions at noble potentials where the nitrocellulose film was removed.
